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Abstract

:

This paper presents a study to evoke rat cortical functional activities, including hemodynamic and neural tissue signal changes, by monopulse electrical stimulation with a microelectrode array using functional optical coherence tomography (fOCT). Based on the principal component analysis and fuzzy clustering method (PCA-FCM), the hemodynamic response of different size blood vessels in rat cortex are analyzed, showing that the hemodynamic response of the superficial large blood vessels is more concentrated. In the regions of neural tissue where blood vessels are removed, positive significant pixels (the intensity of the pixel for five consecutive frames is greater than the average value plus triple standard deviation) and negative significant pixels (the intensity of the pixel for five consecutive frames is less than the average value minus triple standard deviation) exist, and the averaged intensity signal responds rapidly with an onset time of ~20.8 ms. Furthermore, the hemodynamic response was delayed by ~3.5 s from the neural tissue response. fOCT can provide a label-free, large-scale and depth-resolved map of cortical neurovascular activation, which is a promising technology to monitor cortical small-scale neurovascular activities.
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1. Introduction


The electrical stimulation of microelectrode arrays is a brain function mapping method, depicting important areas of cerebral cortex related to language, motor and sensory functions, and guiding epilepsy surgery [1,2]. As a therapeutic tool in the clinic, it is able to control epileptic seizures [3,4,5], relieve neuropathic pain [6], promote stroke recovery [7] and provide sensory feedback for bidirectional brain–computer interfaces [8,9,10]. Compared with other invasive stimulation methods, such as the single electrode, microelectrode arrays can cover a larger cortical area with lower invasiveness and excellent stability. Furthermore, the implantation technology is relatively simple, which has advantages in clinical research.



The proximity of electrodes to cortical tissue has strict restrictions on the amount of charge required for safe transporting. It is necessary to optimize the parameters of direct electrical stimulation in the cortex by monitoring and characterizing brain functional signals, including neural activities and hemodynamic changes. Electrophysiological recording is the gold standard to monitor neural activities. However, it only provides the approximate position of activated neural cells, and often faces interference from electrical stimulation signals. Two-photon imaging can be densely sampled in X, Y and Z axes, and achieve cell-level resolution. However, it has a limited field of view and requires virus injection or gene transfection to label samples [11]. Voltage-sensitive dye (VSD) staining can monitor population neural activities and provide large-scale imaging with high temporal resolution (1~10 ms). However, in large animals, the correlation between VSD staining and photodynamic damage increases the difficulty of generalization [12,13]. Optical intrinsic signal imaging (OISI) based on hemodynamic signals can provide large-scale imaging, which can be used to study brain function without adding exogenous substances but lacks depth-resolved signals [14]. None of them is non-contact (no need to insert or apply any materials), large-scale (mm to cm scale) and depth-resolved (different depth signals can be distinguished), as well as applicable in large animal models and capable of simultaneously analyzing the characteristics of cortical neurovascular activation signals.



Optical coherence tomography (OCT) is used to overcome these limitations. OCT is a non-contact, non-invasive and depth-resolved optical imaging technology. The functional OCT (fOCT)-combined intensity structure and angiograms are able to obtain neural tissue and hemodynamics signals simultaneously. Many research groups have used fOCT to study biological function signals under stimulation, and the details are shown in Table 1. However, fOCT was not used to analyze the neurovascular coupling signals via direct monopulse electrical stimulation with the microelectrode array.



In this paper, a microelectrode array was laid on the rat cortex to stimulate with a single positive and negative balanced pulse with a small current, avoiding epileptic seizures, and the single-pulse electrical stimulation had no superposition effect [20]. This study is an attempt to evoke brain functional activities via monopulse microelectrical stimulation. The blood oxygen signals were collected by OISI, and the depth-resolved brain functional signals, including neural tissue and hemodynamics signals, were obtained by fOCT. A complex decorrelation algorithm was used to calculate the hemodynamic changes, and a quantitative analysis of blood vessels based on PCA-FCM proves that the hemodynamic response amplitude of the superficial large blood vessels in rat cortex is larger upon direct electrical stimulation. Then, the blood vessel mask is used to remove the influence of blood flow, and the significant-intensity pixels are extracted by an adaptive algorithm, improving the signal-to-noise ratio (SNR) and achieving the rapid response signals of neural tissue.




2. Materials and Methods


2.1. Animal Preparation


Male Sprague-Dawley rats (n = 4; 300–500 g) were anesthetized with propofol (1.5 mL/100 g). The toe-pinch test was used to ensure the animal was in an adequate state of anesthesia. The animal was placed in a stereotactic frame and a craniotomy and durotomy were performed to expose the motor cortex (AP + 0.5, ML + 3.5, anterior–posterior [AP], medial–lateral [ML]). Mannitol (1.0 mL, 20% concentration) was given to prevent potential brain edema. The electrode array was then placed in the cerebral cortex of the motor area. Warm (~37 °C) 1.5% agar in saline was used to stabilize the cortex and a glass coverslip was placed on the agar to create an optical imaging window (~5 × 5 mm2). Dental cement was used to seal the cranial window to the skull. Finally, a skull nail was attached to the rat’s skull, indicating that the distal end was grounded. All animal experimental procedures used in this study were approved by the Animal Care and Use Committee of Zhejiang University.




2.2. OISI-OCT System and Data Acquisition


The OISI and OCT systems were used to image simultaneously. A schematic diagram of the co-registered OISI-OCT system is illustrated in Figure 1. The OCT is a custom-designed spectral domain OCT system. The OCT light source was a broadband super luminescent diode (Thorlabs, Newton, NJ, USA, SLD1325) with a center wavelength of 1325 nm and a full width at half maximum bandwidth (FWHM, Δλ) of 100 nm. The theoretical axial resolution is ~7.7 μm and the transverse resolution is ~15.2 μm in air. The output light was delivered into a 2 × 2 fiber coupler and split into the reference and sample arms, respectively. The detector was a high-speed line-scan InGaAs camera (Sensors Unlimited Inc., Princeton, NJ, USA, SU1024-LDH2, 92 kHz line-scan rate, 1024 active pixels). The output of the camera was put into a custom-designed program in PC1. In the OCT sample arm, a scanning lens (Thorlabs, LSM03) with an effective focal length of 36 mm was used to collimate the detected light in the sample and an x–y galvanometer was adopted for 3D volume scanning. Prior to the scanning lens, a dichroic mirror (Semrock, FF700-SDi01) was employed to separate the light paths for co-registered OCT and OISI. In OISI system, 540 nm green LED illumination was employed to acquire the cortex vessels’ distribution map and 632 nm red LED illumination was used to observe changes in blood oxygen concentration. The reflected light from the cortex was transmitted through the scanning lens, a dichroic mirror and a tube lens focus on a CCD camera (Photonfocus, MV1-D1312-160, 1312 × 1082 pixels). The co-registered OISI-OCT had a field of view (FOV) of ~2.5 × 2.5 mm in the x–y plane. OCT offered a max imaging range of 3 mm in the depth (z) direction. The OCT and OISI system were synchronized by an external trigger. Electrode (NeuroNexus, E32-300-20-50) on the rat cortex was connected to the stimulator (PlexStim Electrical Stimulator 2.0). The current values of stimulus waveforms were first defined in a text file in PC3 and then loaded into the stimulator via the software interface.



In this study, the volumetric OCT dataset (z-x-y) was acquired with a raster scanning protocol. In the fast-scan (x) direction, 300 A-lines formed a B-frame. A total of 1500 B-frames were acquired at equal intervals in the slow-scan (y) direction. To record the time course of electrical stimulation responses, OCT was then switched to the M-mode scanning protocol (i.e., enabling the slow-scanner for repeated B-scans). In this study, the OCT B-frame rate was set to be 240 frames per second (fps), and the OISI frame rate was set to be 4 fps.




2.3. Data Analysis


The cortical neurovascular signals were extracted by fOCT, including the changes in intensity in the neural tissue area and decorrelation in the blood vessel area during electrical stimulation. Figure 2 is the image preprocessing stage. Firstly, the decorrelation map   D   was calculated with a spatio-temporal kernel:


  D = 1 −     1     T − 1   M     ∑  m = 1   M      ∑  t = 1   T − 1    X ( m ,   t ) ·   X   *   ( m , t + 1 )         1   T M     ∑  m = 1   M      ∑  t = 1   T    X ( m , t ) ·   X   *   ( m , t )        



(1)




where   m   is the spatial index denoting   ( z , x )  ,   z   is the depth direction and   x   is the transverse direction.   M   is the spatial kernel size; here, the spatial kernel of 5 × 3 (  z × x  ) is used.    t   is the temporal index and   T   is the number of repeated B-frames; here,   T = 2   means adjacent frames.   X ( m , t )   is the OCT complex signal and   ∗   means the complex conjugate. Then, an intensity threshold (the mean noise level adds its triple-standard deviation) was used as a mask to remove the low-SNR regions at the bottom [21], because the deep static tissue signals are susceptible to noise and present a high decorrelation value close to the true dynamic blood flow signals. Finally, according to the boundary detection results of the OCT structure, the angiogram was flattened, which was convenient for depth-resolved analysis. The changes in the hemodynamic responses were obtained by calculating the decorrelation of all pixels in regions of interest (ROI), averaging the number of pixels, and finally subtracting and dividing by the averaged decorrelation of the period before stimulation.



Then, the principal component analysis–fuzzy clustering method (PCA-FCM) was used to classify the hemodynamic response under stimulation [16]. The decorrelation curves of the blood flow filtered in ROIs were reduced in dimension by the PCA algorithm, and the high-dimensional data were expressed as low-dimensional features composed of several principal components by linear transformation, where the decorrelation change was expressed by the first five principal components, and its cumulative contribution rate is 95%. Then, the extracted features were used as the input of FCM, and the hemodynamic responses were classified. All hemodynamic response signals were filtered by MATLAB 2017b tool CVX (a MATLAB-based modeling system for convex optimization), reducing the influence of high-frequency noise and external disturbance and facilitating the analysis of hemodynamic responses.



Combined with the angiogram mask, which was binarized using the Otsu method, the blood vessel pixels in the OCT structure map were set to zero to eliminate the influence of blood flow as much as possible. The remaining tissue parts were flattened according to the boundary detection results of the OCT structure. Then, compared with the intensity signals before stimulation (tpre), the relative changes in OCT scattering signals after stimulation (tstim, tpost) were calculated.   I ( z , x , t )   is the OCT intensity signal. The OCT intensity signals in the blank time before stimulation tpre are averaged to obtain the baseline     I   B a s e l i n e     before stimulation:


    I   B a s e l i n e   =   1   n     ∑  i = 1   n    I   z , x ,   t   i        



(2)




where n is the number of collected frames corresponding to the tpre time period.



dR/R0 is used to represent the relative change in the OCT intensity signal collected in real time compared with the OCT intensity signal’s baseline:


  d R / R 0 ( z , x , t ) =   I   z , x , t   −   I   B a s e l i n e       I   B a s e l i n e      



(3)







For the signals collected by OISI, the relative changes are calculated by the same algorithm.



In order to improve the calculation efficiency, the signals are screened according to an adaptive algorithm [22]. If the intensity of the pixel at     z , x ,   t   i       for five consecutive frames is greater than the average value plus   3 σ ( z , x )  , the pixel is defined as a positive significant pixel:


    I   p o s i t i v e     z , x ,   t   i   :   t   i + 4     >   1   N     ∑  i = 1   N    I   z , x ,   t   i       + 3 σ ( z , x )  



(4)




where N represents the number of frames collected in the tpre, tstim and tpost periods, and   σ ( z , x )   represents the standard deviation of all pixels at   ( z , x )  .



Similarly, if the intensity of a pixel at   ( z , x ,   t   i   )   for five consecutive frames is less than the average value minus   3 σ ( z , x )  , then the pixel is defined as a negative significant pixel, which is represented as follows:


    I   n e g a t i v e     z , x ,   t   i   :   t   i + 4     <   1   N     ∑  i = 1   N    I   z , x ,   t   i       − 3 σ ( z , x )  



(5)







The positive and negative significant pixels are screened out and a mask is generated, which is applied to the fOCT signals. Figure 3 shows a results pipeline of fOCT signals to obtain significant changes in neural tissue.





3. Results


3.1. OISI Hemodynamic Response


The OISI results (see Figure 4) show the changes in blood oxygen in the rat motor cortex under monopulse electrical stimulation. Figure 4A shows a CCD image of the rat cortex, where the electrode array covers the motor cortex region and the yellow circle’s position is the stimulating positive electrode. Under 632 nm red illumination, the OISI system captured the images of the electrical stimulation process in the ~5 × 5 mm2 cranial window region. Then, the relative reflectivity changes image is calculated by the method mentioned above, and Figure 4B shows the images at selected time points. The ROI relative change signals (−dR/R0) over time in the activation region were plotted as shown in Figure 4C. It can be seen that the relative reflectivity in the activation ROI changes at the beginning of stimulation, reaches its peak at ~2.5 s after stimulation, and then recovers slowly. Under 632 nm red illumination, the changes in relative reflectivity can represent the change in blood oxygen signal and indirectly reflect the activation of neurons. Based on the OISI images, collecting OCT cross-sectional scattering signals can provide depth-resolved local neurovascular signals under electrical stimulation.




3.2. fOCT Depth-Resolved Hemodynamic Response


Figure 5 shows the fOCT depth-resolved hemodynamic response under monopulse electrical stimulation. Figure 5A is an enface projection of angiograms, and the red circle area is the position of the positive stimulation electrode. Figure 5B is a flattened cross-sectional angiogram showing the distribution of blood vessels at different depths, and the acquisition site is the red dotted line in Figure 5A. The relative change in the averaged decorrelation of all blood vessels is shown in Figure 5C, indicating the change in blood flow velocity or flux rate. After electrical stimulation, the hemodynamic signal changes slowly, and reaches its peak at ~2.5 s, with a response trend corresponding to the OISI signal. Figure 5D analyzes the relative changes in decorrelation in ROIs 1 to 10 (red box in Figure 5B). It can be seen from the cross-sectional angiogram that the large blood vessels are mostly distributed in the superficial layer, while the small blood vessels are mostly distributed in the middle and lower layers. The blood flow signal of the selected blood vessels increases after stimulation, and the decorrelation dynamic range of the superficial blood vessels (ROIs 1 to 5) is generally larger than that of the middle and lower layers (ROIs 6 to 10).



Sixty-two blood vessels in the rat cortex under electrical stimulation were quantitatively analyzed. The blood vessels were divided into two classes, and the tail shadows of all blood vessels were manually removed during classification. The classification results are shown in Figure 6A, with sizes of 10~106 μm (class 1, n = 16, median ~45 μm) and 10~54 μm (class 2, n = 46, median ~26 μm), respectively, and the statistical results are shown by the box line diagram (see Figure 6B). The decorrelation relative change of 2 blood vessels classes is shown in Figure 6C. The decorrelation relative change of large blood vessels (class 1) is larger, while that of small blood vessels (class 2) is not obvious. Figure 6D shows the depth-resolved decorrelation map (the average of decorrelation relative change at the same depth). The position with a large response is indicated by the red arrow, which is concentrated in the cortex’s superficial layer.




3.3. fOCT Depth-Resolved Neural Tissue Response


Figure 7 shows the fOCT depth-resolved neural tissue response under monopulse electrical stimulation. Figure 7A is a flattened, cross-sectional, neural tissue, significant pixels map, which from the significant pixels in the 0 to 0.2 s time window in Figure 7B superimposed. The statistical results of the significant pixels in the stimulation and blank conditions screened by the adaptive algorithm are shown in Figure 7B. Compared with the blank group, the number of significant pixels in the stimulation group obviously changes from 0 to 0.2 s, which may be due the neural activities evoked by stimulation. The period from 0 to 0.2 s is selected as the time window to analyze the significant pixels that appear. As shown in Figure 7C, the relative changes in the intensity of dR/R0 were obtained from pixels 1 to 4 in Figure 7A, labeled by pink arrows and green arrows. As shown in Figure 7C, the relative changes in dR/R0 intensity show different patterns, showing the rising positive response and falling negative response, and their durations are also different. All positive and negative significant pixels were averaged separately, and the amplitude of positive response was slightly larger than that of the negative response. The final significant response of the nerve tissue was obtained by combining positive and negative response signals, and the averaged response signal onset time was 20.8 ms.




3.4. fOCT Neurovascular Coupling


Neural tissue and hemodynamic response can be obtained by fOCT simultaneously, and there is a neurovascular coupling mechanism. In order to study that, we spliced the relative changes in neural tissue intensity (see Figure 8A) and hemodynamic decorrelation (see Figure 8B) of 10 trails according to the acquisition time, with an interval of 25 s recovery time. A cross-correlation analysis was performed on both of the above, and the correlation results are shown in Figure 8C. The peak appears at 3.53 s, indicating the hemodynamic response delays the neural tissue response by 3.53 s. This delay time is consistent with the previous intracellular calcium signal and fMRI BOLD signal obtained by cross-correlation analysis [23].





4. Discussion


The method described in this paper is beneficial for studying cortical neurovascular activation stimulated under a monopulse with the microelectrode array, analyzing relative changes in neural tissue intensity and hemodynamic decorrelation simultaneously. The fOCT results showed that the cortical neurovascular activation evoked by electrical stimulation corresponds excellently with the results of OISI, providing a quantitative analysis of neurovascular signals.



There have been many studies on brain functional signals in the past [15,24,25,26]. In the mechanism of neurovascular coupling, the consensus is that neural activities regulate vascular response, which occurs more rapidly. The neural signals recorded by two-photon imaging and electrophysiology change rapidly in the order of ms (from a few ms to hundreds of ms) [26,27]. From our electrical stimulation results, the relative changes in neural tissue intensity are rapid, at ~20.8 ms, and the relative changes in hemodynamic decorrelation are slower than that, which accords with this theory. The relative changes in neural tissue intensity may originate from the action potentials produced by activated neurons by electrical stimulation. The propagation and superposition of the action potentials of neurons lead to changes in scattering light intensity [19,28]. It is also possible that the rearrangement of the membrane proteins of neurons happens during electrical stimulation, resulting in changes in scattered light intensity [29]. Previous studies have suggested that neural activities cause the dilation of arteries in the soft membrane and cortex [30]. When the cortex is stimulated and the neural activities are vigorous, the blood vessel volume may change. In our study, a neural tissue response occurs more rapidly than the hemodynamic response; thus, it is supposed that the activity characteristics of neural tissue lead to changes in scattering intensity.



The relative changes in fOCT hemodynamic decorrelation correspond well with the blood oxygen changes in OISI. According to the results of the single blood vessel response and clustering classification, most of the blood vessels with a large response are distributed in the cortex’s superficial layer. This situation may be due to the electrodes directly stimulating the motor cortex, the current diffusing from top to bottom, and the position near the electrodes first being affected by the current. After the neurons are activated, the oxygen consumption increases, the blood flow transports oxygen for compensation, and the velocity of most blood vessels in the surface increases. However, there are a few small blood vessels in the middle and lower layers, which may be the rapid response of capillaries near the stimulation electrode. This specific physiological process needs further study in the future. From the depth-resolved distribution map of blood flow signals, some blood flow signals are slowed down, and there may be rapid oxygen consumption in superficial neural activities and untimely blood oxygen delivery in the middle and lower layers.



Compared with the electrophysiological recording, two-photon imaging, VSD and OISI, fOCT has the advantages of being non-contact, large-scale, depth-resolved and applicable in large animal models, as well as simultaneously analyzing the characteristics of cortical neurovascular activation signals. At present, the main challenge of fOCT in detecting neurovascular coupling is its limited resolution; thus, it cannot accurately confirm the activated individual neuron and can only acquire the response of the neurons cluster. However, in terms of its rapid neural tissue response, it is still most likely to come from neuron activation, and the limitations of fOCT will not impact the accuracy or reliability of the results. In the future, the resolution of the system can be increased, for example, through optical coherence microscopy (OCM), which sacrifices the FOV and achieves cell-level resolution with a higher numerical aperture (NA) objective and a narrower bandwidth light source [29], thus determining the signal source more clearly. Transparent electrodes can also be used for further experiments with an unobstructed field of view, and the cortical functional signals that occur under electrical stimulation can be directly collected [13], meaning that the response may be occur more quickly. In addition, in future experiments, it is possible to record the action potential of neurons synchronously with the electrophysiology and detect oxygenation changes in blood vessels synchronously with the photoplethysmogram (PPG) [31] to further explain the fOCT signals. At present, we only conducted a preliminary exploration of neurovascular signals under the monopulse electrical stimulation to avoid the accumulation effect. In the future, different research parameters (e.g., frequency, duration, or intensity) will be developed to study neurovascular coupling under multi-factor influences. Furthermore, an animal model of epilepsy disease will be built to study the long-term effects of electrical stimulation on animal brain function signals and to verify the safety of the long-term implantation of microelectrode arrays in vivo.




5. Conclusions


In summary, we used fOCT to obtain the neurovascular coupling signals caused by monopulse direct electrical stimulation with the microelectrode array in rat cortex. The hemodynamic response was obtained by the intensity threshold combined with a decorrelation analysis. The hemodynamic response of different size blood vessels was analyzed quantitatively based on PCA-FCM, showing that the hemodynamic response of the superficial large blood vessels was more concentrated by direct electrical stimulation. The adaptive algorithm improved the SNR of relative changes in neural tissue intensity. By analyzing the significant pixels of relative intensity changes, it was found that there are positive and negative patterns, and the averaged intensity signal responds rapidly. fOCT is a promising technology in cortical neurovascular research.
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Figure 1. Schematic of co-registered OISI-OCT system and monopulse electrical stimulation. C: collimator; D: detector; DC: dispersion compensator; PC: personal computer; FPC: fiber polarization controller; FL: Fourier lens; TL: tube lens; SL: scanning lens; SLD: super luminescent diode; DM: dichroic mirror; S: stimulator. Each trial of electrical stimulation was composed of a 1 s pre-stimulus, 0.001 s stimulation and 5.25 s post-stimulus. Electrical pulse parameters were as follows: 0.5 mA; pulse width = 500 μs; biphasic monopulse. A total of 20 trials were applied; 10 trials were in the electrical stimulation group and the other 10 trials were in the control group. 
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Figure 2. Hemodynamic image preprocessing stage. Intensity threshold was used to generate blood vessels mask to remove decorrelation artifacts caused by noise. According to the boundary detection of the OCT structure, the decorrelation angiogram is flattened. 
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Figure 3. Results pipeline of neural tissue response signals’ preprocessing. The binarized angiogram mask sets the blood vessel pixels in the OCT structure to zero. Based on the boundary detection results of the structure, the neural tissue part is flattened. The significant pixels are extracted via the 3 sigma principle and applied to the fOCT signals as a mask to obtain the final significant signals. 
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Figure 4. OISI changes in the blood oxygen of the rat cortex under monopulse electrical stimulation. (A) CCD image of the rat cortex. The purple area indicates the distal cranial nail. The yellow circle is the positive electrode of stimulation. (B) Time course images of the relative reflectivity changes show the relative changes in blood oxygen under electrical stimulation. (C) Time courses from ROI in (B). The electrical stimulation time is marked by the orange dotted line. Scale bar = 1 mm. 
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Figure 5. fOCT depth-resolved hemodynamic response of the rat cortex under monopulse electrical stimulation. (A) Enface projection of angiograms. The red circle indicates the stimulation of the positive electrode. (B) Flattened cross-sectional angiogram, whose acquisition site is the red dotted line in Figure 5A. The red box indicates the ROI of a single blood vessel. (C) Time course of averaged decorrelation relative change in all blood vessels. (D) Time course of decorrelation relative change in ROIs 1 to 10 in Figure 5B. The electrical stimulation time is marked by the orange dotted line. Scale bar = 0.3 mm. 
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Figure 6. Classification results of the hemodynamic response of the rat cortex under monopulse electrical stimulation. (A) Two blood vessel classes obtained by PCA-FCM, and the first two PCs of the PCA are drawn in the feature space of the decorrelation. (B) Size statistics of two blood vessel classes. (C) Time courses of averaged decorrelation relative changes in two blood vessel classes. Orange dotted line marks electrical stimulation time. The data are expressed as mean ± SD. (D) Depth-resolved decorrelation map. The red arrow indicates the concentrated position of the region with a large response. 
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Figure 7. fOCT depth-resolved neural tissue response of rat cortex under monopulse electrical stimulation. (A) Flattened cross-sectional neural tissue significant pixels map. (B) Statistics of the number of significant pixels in stimulation and blank conditions. The green box indicates the 0 to 0.2 s time window. (C) Single positive, negative and averaged response signals of significant pixels in neural tissue. The orange dotted line indicates the electrical stimulation time. Scale bar = 0.3 mm. 
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Figure 8. Neurovascular coupling in the rat cortex under monopulse electrical stimulation. (A) Relative changes in the neural tissue intensity of 10 spliced trails. (B) Relative changes in the hemodynamic decorrelation of 10 spliced trails. The orange dotted lines in Figure 8A,B indicate the electrical stimulation time. (C) Cross-correlation between the relative changes in neural tissue intensity and the hemodynamic decorrelation. The dashed green line indicates the delay time of the two signals. 
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Table 1. fOCT-related research.
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	Group
	Year
	Stimulation
	Techniques
	Response Results





	Yu Chen et al. [15]
	2009
	Rat; forepaw electrical stimulation
	fOCT, OISI
	Reflectivity changes in fOCT correlate well with OISI, and the fOCT-layer-specific response indicates a time delay of −1.5 s to 3.5 s in both the onset and

peak with respect to the stimulation pattern.



	Wen-Chuan Kuo et al. [16]
	2018
	Rat; forepaw electrical stimulation
	fOCT
	Response time of small, middle and large vessels to achieve a 5% change in vascular dilation after stimulation is 1.5 s, 2 s and 5.5 s, respectively.



	Peijun Tang et al. [17]
	2020
	Mouse; whisker stimulation
	Phase-sensitive OCT (PhS-OCT), OISI
	The activated neural tissue region in PhS-OCT is consistent with that in OISI.



	Mariya Lazebnik et al. [18]
	2003
	Nerve fibers from the abdominal ganglion of the sea slug; electrical stimulation
	fOCT
	Optical scattering signal changes in neural tissue are a result of propagating action potentials.



	Taner Akkin et al. [19]
	2010
	Squid giant axon; electrical stimulation
	fOCT
	The back-scattered intensity changes coincides with the arrival of neural action potentials.
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